The ntrA gene of Rhizobium meliloti has recently been identified and shown to be required for a diverse set of metabolic functions (C. W. Ronson, B. T. Nixon, L. M. Albright, and F. M. Ausubel, J. Bacteriol. 169:2424Bacteriol. 169: -2431Bacteriol. 169: , 1987 
The ntrA gene of Rhizobium meliloti has recently been identified and shown to be required for a diverse set of metabolic functions (C. W. Ronson Conservation throughout a region about 250 amino acids in length has been noted in a number of proteins involved in transport, cell division, nodulation, and DNA repair in bacteria (16, 23) . This approximately 25-kilodalton domain includes two short stretches of amino acids which are also conserved in several ATP-binding proteins and which together are thought to form the nucleotide-binding pocket (47) . We report here the discovery in Rhizobium meliloti of a new member of this superfamily.
Several members of the superfamily, MalK, HisP, PstB, RbsA, OppD, and OppF, are components of periplasmic binding-protein-dependent transport systems. These systems characteristically are composed of a periplasmic substrate-binding protein and an inner membrane complex. The membrane complex consists of MalK or its analog, which is hydrophilic, and two hydrophobic proteins (2) . It has been proposed that this type of transport system is directly energized by hydrolysis of an intracellular high-energy phosphate bond, probably ATP or a related nucleotide (2, 6, 7) ; however, a role for the electrochemical proton gradient has not been ruled out (for discussions, see references in 2 and 24). Although the OppD, HisP, and MalK proteins have each been shown to bind ATP or an analog (23, 24, 27) , no demonstration of ATP hydrolysis by any of these proteins has yet been made.
Several other members of the superfamily appear to function in transport processes distinct from periplasmic binding-protein-dependent systems. The HlyB protein functions in export of hemolysin in Escherichia coli. Unlike periplasmic binding-protein-dependent transport systems, only two proteins, HlyB and HlyD, are required directly for export of activated hemolysin (32) . Recently, the products of the ndvA gene in R. meliloti and its functional homolog in Agrobacterium tumefaciens, chvA, have been shown to have homology to HlyB not only in its C-terminal ATP-binding domain but also in its N-terminal region (44; G. Cangelosi, personal communication). ndvA mutants are unable to produce extracellular ,-(1,2)-glucan, leading to the proposal that ndvA functions in the export of P-(1,2)-glucan in R. meliloti (44) . The HlyB subfamily has a eucaryotic member in the Mdrl protein of multidrug-resistant mammalian cell lines. Resistance in these cells is associated with decreased intracellular drug accumulation resulting from increased energy-dependent drug efflux (for a discussion, see reference 12) .
Two other members of the superfamily, NodI and FtsE, have unknown functions. FtsE is required for cell division in E. coli and is associated with the inner membrane (22) . nodI mutants of Rhizobium leguminosarum are delayed in nodulation on pea plants (18) .
While many of the members of the superfamily are involved in transport, at least one protein with homology to this superfamily, the product of the uvrA gene, is clearly not involved in transport (16) . UvrA is a subunit of the ABC excision nuclease in E. coli, an ATP-dependent DNA repair enzyme. A complex series of insertions and duplications in the uvrA gene has resulted in separation of each half of the nucleotide-bihding pocket by putative zinc fingers, implicated in DNA and metal binding by UvrA (16) .
The apparent diversity of the functions in which this family of proteins is involved has led others to suggest that the role of the conserved region is to couple ATP hydrolysis to a variety of distinct biological processes, including transport (23 (39) . In E. coli and Salmonella typhimurium, NtrA has been shown to be a sigma factor for RNA polymerase (26, 28) .
ORFi was identified after the ntrA gene and its flanking MATERIALS AND METHOIDS Bacterial strains, plasmids, and media. The strains and plasmids used in this study are described in Table 1 . Rich media were LB for E. coli and LB supplemented with 2.5 mM CaCl2 and 2.5 mM MgSO4 (LBCaMg) or TY for R. meliloti (46) . Defined medium contained RDM salts and vitamins and was buffered with 50 mM 2[N-morpholino]ethanesulfonic acid as described previously (39) and is referred to below as MES. Antibiotics were added to media at the following concentrations (,ug/ml): for E. coli, tetracycline, 15; kanamycin, 50; ampicillin, 50; nalidixic acid, 20; (9) . Methods for isolation of R. meliloti genomic DNA (35) and labeling of DNA probes by random primer extension (19) have been described. Standard methods (3, 33) were used for restriction digestions, gel electrophoresis, purification of DNA fragments from agarose gels, ligations, 5' end labeling with T4 kinase, fill-outs of 5' overhangs with Klenow fragment and deoxyribonucleoside triphosphates, and Southern filter hybridization.
DNA sequencing. DNA sequencing was carried out by the dideoxy-chain termination method by using a set of nested deletions in M13mpl8, as previously described (39) . Compressions were resolved by replacing dGTP with 7-deazadGTP (Boehringer Mannheim) in equimolar amounts in all mixes (38) or by inclusion of 40% formamide in the sequencing gel (34) . In some cases, synthetic oligonucleotides were designed and used to prime synthesis next to a region of compression.
Sequence analysis. DNA sequences were compiled by using the DBAUTO and DBUTIL programs (42) and were analyzed by using programs from the University of Wisconsin, Madison (14) . Initial homology searches of the National Biomedical Research Foundation (NBRF) protein data base were made with the FASTP program with k-tuple values of 1 and 2; pairwise comparisons were made with the ALIGN program (13) using the mutation data matrix with a bias of +2 and a gap penalty of 16 StuI fragment extending from nucleotides 747 to 1685 ( Fig. 1) was cloned into the SmaI site of GEM1 to yield pLA172. The BamHI-StuI fragment from nucleotides 1 to 747 was cloned between the BamHI and HinclI sites of GEM1 to yield pLA173.
Three in-frame fusions between the N terminus of the (41) and nucleotide sequencing of this construction by using a TnSspecific primer (39) .
TnS-2 was recombined into pNtrA10, the cosmid clone encompassing the ntrA region (39) , in the following manner. MC1061 which had been transformed with pNtr3.5BE:: Tn5-2 and pNtrAlO was mated with C2110, selecting for resistance to nalidixic acid (C2110), tetracycline, kanamycin, and ampicillin. A single transconjugant was then screened for loss of resistance to ampicillin. Since C2110 is polA-and is therefore unable to maintain pNtr3.5BE::TnS-2 as an independent replicon, this scheme first selected for cointegrates between the two plasmids and then screened for loss of vector sequences of pNtr3.5BE while maintaining TnS-2 on pNtrA10. Restriction mapping of the plasmid from this strain showed that exchange took place via homologous recombination on either side of TnS-2. This pNtrAlO:ORF1:: Tn5-2 is called pLA156.
Matings and homogenotizations used pRK2013 as the conjugal helper, pPHlJI as the chaser (40) Fig. 1 . This completes the sequence of the 3.5-kbp BamHI-EcoRI fragment described by Ronson et al. (39) , and the numbering system is the same as in that work. Using the positional base preference method, the program ANALYSEQ (43) Similarity of ORF1 to a family of ATP-binding proteins. A search of the NBRF protein data base revealed that the predicted amino acid sequence of ORF1 is similar to the products of the malK, hisP, oppD, and pstB genes. These proteins function in periplasmic binding-protein-dependent transport systems for maltose, histidine, oligopeptides, and phosphate, respectively, in bacteria (2) . The similarity of these gene products to a number of other proteins (which were not in the data base at the time of the search) involved in periplasmic binding-protein-dependent transport systems (rbsA and oppF) and in processes such as haemolysin export (hlyB), cell division (ftsE), and nodulation (nodI) was previously noted (2, 16, 23) . Pairwise alignments of ORF1 to these gene products revealed statistically significant homology ( Table 2 ). The similarity of this group of proteins extends over approximately 25 kilodaltons and includes two highly conserved regions which are thought to form the nucleotide-binding pocket in ATP-binding proteins (47; Fig.  2 ). In some proteins, the ATP-binding domain constitutes the entire protein, while in others, it forms a subunit of a substantially larger polypeptide ( Fig. 2 ; for a summary, see reference 23).
ORF1 is conserved in location in at least two other procaryotic species. The DNA upstream of the K. pneumoniae ntrA gene (36) codes for a protein with homology to this family (Fig. 2) . Partial sequence of the DNA upstream of the ntrA gene in S. typhimurium also indicates the presence of a homologous open reading frame (D. Popham and S. Kustu, personal communication).
A search of the NBRF protein data base and translated GenBank data base with the predicted partial amino acid sequence of ORFO did not reveal statistically significant similarity to any member.
GTG initiation codon in ORF1. There is no ATG codon in the ORF1 reading frame upstream of the start of the homology to the family of ATP-binding proteins. There are two GTG codons in this region, which could function as translation initiation codons. Neither of these GTG codons has an appropriately spaced sequence with homology to ribosomebinding sites from E. coli (45) . To identify which of these GTG codons is used to initiate translation, protein fusions of the N terminus of ORF1 to P-galactosidase were made with junctions downstream, in between, and upstream of the two GTG codons, as described in Materials and Methods (pLA174, pLA177, and pLA178, respectively).
In E. coli MC1061, the constructions with junctions in between or downstream of the two GTG codons showed low but reproducible P-galactosidase activity, while that with a fusion junction upstream of the GTG codons, in frame with ORF1 but out of frame with ORFO, showed no activity above the background (Table 3 ). This indicates that the first GTG codon can be used as a translation initiation codon in E. coli, and the start of ORF1 has been assigned on this basis, predicting a molecular size of 29,566 kDa. The ORF1 promoter is not located on the restriction fragments used to create the ORF1-,-galactosidase fusions (see below). Readthrough from vector sequences of pMC1403 is the likely source of transcription of the fusion genes and is one potential reason for the low activity of the fusion proteins. The lack of a strong ribosome-binding site suggests that translation of this protein in E. coli may be inefficient.
Mutagenesis of ORF1. To assess the function of ORF1 in free-living and symbiotic cells, pNtr3.5BE was targeted for mutagenesis by TnS in E. coli as described in Materials and Methods, and a single insertion in ORF1 was identified, TnS-2. A joint replicon of pNtr3.5BE::Tn5-2 and pRK290 was constructed by virtue of their single EcoRI sites, providing approximately 0.7 and 2.8 kbp of homology to the R. meliloti genome to each side of TnS-2. By standard techniques (40) , no recombinants which had exchanged TnS-2 to the genome via homologous recombination were identified in several attempts. To provide more flanking homology, TnS-2 was exchanged in E. coli from its location on pNtr3.5BE to that on pNtrAlO as described in Materials and Methods. This construction, pLA156, provided at least 15 kbp of homology to one side of TnS-2 and at least 2.8 kbp to the other. pLA156 was mated into R. meliloti 1021, and marker exchange was attempted. R. meliloti resistant to neomycin (TnS), spectinomycin, and gentamycin (pPH1JI, chaser) were found at a frequency of about 3 x 10-4. Of 200 colonies tested, 199 were still resistant to tetracycline, indicating the continued presence of vector sequences of pLA156. Analysis of restriction digestions of the genomic DNA from the tetracycline-sensitive strain by filter hybridization indicated that TnS had hopped elsewhere in the genome. Similar analysis of the tetracycline-resistant colonies indicated the presence of both wild-type and mutant copies of ORF1.
As a control for recombination in this region of the genome, pNtr3.5BE containing a TnS insertion in the ntrA gene was joined to pRK290 at its single EcoRI site, yielding pLA140. This construction provided about 1.6 and 1.9 kbp of homology to the genome on either side of the TnS insertion. In matings done in parallel with the one described for pLA156, R. meliloti resistant to neomycin, spectinomycin, 1936 ALBRIGHT ET AL.
J. BACTERIOL. (20) . Regions with similarity to the nucleotide-binding pocket are underlined (47) . Sources of protein sequences are as follows: MalK, HisP, and OppD, NBRF protein data base (accession codes MMECMK, QREBPT, and QREBOT, respectively); RbsA, PstB, NodI, HlyB, and K. pneumoniae ORF, GenBank sequences under "Bacterial" (accession codes Ecorbs, Ecophowtu, Rhlnodij, Ecohly, and Kpnntra, respectively). The sequences for OppF (25) and FtsE (21) were entered by hand. and gentamycin were obtained at a frequency of about 10-6. Of 38 colonies tested, 33 were tetracycline sensitive, as expected of double recombinants. Two of the three analyzed by filter hybridization had the expected restriction digestion pattern of replacement of the wild-type copy of the ntrA gene with that containing the TnS mutation. This control indicates that recombination in this region is not limiting, since a TnS insertion in ntrA, provided with much less flanking DNA than TnS-2 in ORF1, recombined readily into the genome by a double crossover. Transcript mapping in the ntrA-ORF1 region. The proximity of ORF1 and ntrA prompted an investigation of transcription in that region. RNA was prepared from free-living R. meliloti 1021 or from nodules on alfalfa and analyzed by RNase protection as described in Materials and Methods. Two probes that differed in length at their 3' ends but had the same 5' ends were used to examine RNA derived from the region around the 3' end of ORF1 and the start of the ntrA gene (Fig. 3b) .
R. MELILOTI GENE PRODUCT IN ATP-BINDING SUPERFAMILY
After hybridization to RNA from free-living cells, a strong signal of approximately 550 nucleotides in length was derived from the probe pLA172/HindIII/T7, while a strong signal of approximately 298 nucleotides in length was derived from the probe pLA172/SalI/T7 (Fig. 3a , lanes 2 to 5 and 10 to 13; Fig. 3b ). These results indicate that the 3' end of an RNA reading from ORF1 is located approximately at nucleotide 1290 +10 in the sequence shown in Fig. 1 . These 3' ORF1 signals were virtually absent after hybridization with total nodule RNA (Fig. 3a, lanes 6 to 8 and 14 to 16 ).
Four signals derived from the 5' ends of probes pLA172/ HindIII/T7 and pLA172/SalI/T7 were seen in RNA from free-living cells (Fig. 3a, lanes 2 to 5 and 10 to 13; Fig. 3b) . . . signals was seen in RNA from cells grown in LBCaMg, TY, or MES using glucose or succinate as the carbon source and ammonia as the nitrogen source as described in Materials and Methods (data not shown). The highest-molecular-weight ntrA signal was predominant in nodule RNA; only trace amounts of the lower-molecular-weight ntrA signals were seen (Fig. 3a, lanes 6 to 8 and 14 to 16 ). No protection was seen by nonnodulated alfalfa seedling RNA (Fig. 3a, lanes 9 and 17) , indicating that protection by the nodule RNA was from bacterial RNA.
If transcription were to proceed from ORF1 through ntrA, then protection of each probe pLA172/HindIII/T7 and pLA172/SalI/T7 along the entire length of its homology to the genome would occur. Because the RNA probes were nonhomologous to the genome at their 5' ends, the resulting signal would be slightly shorter than the entire probe length. Although some full-length protection of the pLA172/SalI/T7 probe was evident after hybridization with free-living RNA (Fig. 3a , compare lanes 11 to 13 with lane 10), the entire length of the probe was resistant, indicating that it was not homology dependent. No full-length protection of the pLA172/HindIII/T7 probe was seen after hybridization with free-living RNA (Fig. 3a , compare lanes 3 to 5 with lane 2). Trace amounts of homology-dependent full-length protection of each probe were seen in samples hybridized with nodule RNA (not resolved from the homology-independent signal in the exposure shown in Fig. 3a) . We conclude that there is no readthrough transcription to ntrA from ORF1 in free-living cells and that only a tiny fraction of ntrA transcripts in bacteroids is due to readthrough transcription from ORF1.
To confirm the presence and location of the 5' end of the ntrA transcript, two oligonucleotide primers complementary to the beginning of the ntrA coding sequence (Fig. 1) were used to prime DNA synthesis by using free-living and nodule RNA as templates as described in Materials and Methods. One primer extension product, whose length indicated that the 5' end of the ntrA transcript is located at nucleotide 1321, was seen in reactions primed by either oligonucleotide 1409-or 1441-and was present in both free-living and nodule (Fig. 3) . intracellular or extracellular, creating molecules with heterogeneous 3' ends.
The start of the ORF1 coding sequence begins 13 nucleotides downstream of the end of ORFO. To determine whether transcription of ORFO and ORF1 are coupled, 5'-end-labeled, single-stranded DNA probes whose 5' ends are located at nucleotides 519 and 470 were hybridized to freeliving RNA and digested with Si nuclease as described in Materials and Methods. Because each probe was not homologous to the R. meliloti genome for 30 nucleotides at its 3' end due to polylinker sequences from the vector, transcription reading from ORFO to ORF1 should give rise to a signal 30 nucleotides shorter than the full length of the probe. This was seen for each probe (Fig. 5, lanes 3, 4, 9, and 10 ). This protection was due to RNA rather than contaminating genomic DNA (which would give the same kind of signal) because a sample treated with RNase before hybridization did not show the homology-dependent protection (Fig. 5 We have been unable to assign a function to ORF1, due to our inability to marker exchange an ORF1::Tn5 insertion into the R. meliloti genome. This was not due to limiting recombination in the region, since an ntrA::TnS insertion with much less flanking homology was homogenotized at an appreciable frequency. It is unlikely that the cosmid from which the ORF1::Tn5 marker exchange was attempted had experienced a gross rearrangement, preventing recombination, since Southern analysis of the genome in the region of pNtrAl0 indicated that they were colinear (data not shown). These results suggest, but do not prove, the ORF1 has an essential fiction in R. meliloti. Its conservation in both S. typhimurium and Klebsiella pneumoniae is consistent with a function which is not specifically symbiotic. Since ORF1 is conserved in location in S. typhimurium, it is likely to be conserved in location in E. coli. The one member of the superfamily which has been proven to be essential, FtsE, is located at 76 min on the E. coli K-12 linkage map, while ntrA is at 70 min (4); therefore it seems unlikely that ORF1 is the FtsE homolog of R. meliloti. In addition, R. meliloti ORF1 is no more homologous to FtsE than to any other members of the superfamily, with the exception of ORF1 from K. pneumoniae ( Fig. 2 and Table 2 ), suggesting that ORF1 function is distinct from that of FtsE. Since the genetic system of S. typhimurium is better developed than that of R. meliloti, it would probably be easier to try to determine ORF1 function by isolating mutants in S. typhimurium, conditional or otherwise. At this point, we favor the notion that ORF1 encodes a well-conserved, probably essential, function in a number of bacterial species.
The tight linkage of ORF1 and ntrA in at least three bacterial species prompted us to determine if their expression is coupled transcriptionally. RNase protection experiments which detected two RNA molecules, one corresponding to the 5' end of the ntrA gene and one corresponding to the 3' end of ORF1, indicated that these genes are expressed independently (Fig. 4) . We have not unequivocally shown that the 5' end of the ntrA transcript arises from transcription initiation rather than processing of a longer message reading through from ORF1. Previous data indicated that DNA downstream of nucleotide 1263 is sufficient for complementation of ntrA function in free-living cells (39) , in good agreement with the 5' end mapping shown here. This indicates that processing of a larger transcript is not necessary to yield sufficient NtrA for free-living functions. Essentially all of the transcripts in bacteroids which read into the ntrA gene start at the same location as in free-living cells, which additionally argues that this promoter is sufficient for full symbiotic expression of ntrA. Moreover, the large difference in the ratio of the ORF1 3' and ntrA 5' signals in free-living versus nodule RNA argues against RNA processing as the source of the two separate RNAs. While ORF1 and ntrA expression are uncoupled, their light linkage and its conservation remain intriguing observations which may indicate some involvement of their functions. The region upstream of the 5' end of the ntrA transcript includes a sequence around -35 with respect to the start which is similar to consensus -35 sequences for E. coli promoters, whereas the region around -10 has poor homology to E. coli -10 sequences (Fig. 1) . The promoters for the two 8-aminolevulinic acid synthetase transcripts in R. meliloti also each have good homology to -35 sequences but not to -10 sequences. The -10 regions in these promoters are purine rich, in contrast to that for the ntrA transcript, which is AT-rich (31) .
The same start site for transcription of ntrA was seen in RNA from free-living cells and from nodules (Fig. 4 and 5) . Since the RNA from nodules was approximately one-third bacterial in origin (based on rRNA band intensities [data not shown]), a given amount of nodule RNA represents proportionately fewer bacterial equivalents than the corresponding amount of free-living RNA. Thus, it appears that the steadystate level of ntrA transcripts is somewhat higher in nodule bacteria than in free-living cells (Fig. 3, compare lanes 14 to  16 with lanes 11 to 13) . It is unknown whether this is due to induction of the ntrA promoter or to stabilization of the ntrA message.
The ratio of the 3' ORF1 signal to the 5' ntrA signal was much lower in nodule RNA than in RNA from free-living cells (Fig. 3 , compare lanes 14 to 16 with lanes 11 to 13). This suggests that the relative level of ORF1 expression to ntrA expression is substantially lower in nodule bacteria than in free-living cells. The 3' ORF1 transcript was barely detectable in nodule RNA. If our estimate of the bacterial content of the nodule RNA preparation is correct, then this implies that ORF1 expression is reduced in bacteroids. If ORF1 encodes an essential free-living function, it may represent a class of housekeeping genes whose expression is diminished or turned off in bacteroids.
Essentially all of the transcription reading into ORF1 initiates upstream of the BamHI site at nucleotide 1 (Fig. 5) . This indicates that ORF1 is in an operon with ORFO and perhaps other genes. Many of the members of the superfamily are found in operons with other genes involved in the same process (for a summary, see reference 23). Further sequence analysis of the DNA upstream of ORF1 may provide insight into ORF1 function if those gene products are homologous to other proteins of known function.
